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a  b  s  t  r  a  c  t
The  ability  of  pigs  to consume  required  energy  and  nutrients  for optimal  performance  is
an important  consideration  in commercial  pork  production.  Voluntary  feed  intake  (VFI)
or energy  intake  in the  pigs  is  affected  by  dietary  factors  (such  as  energy  concentration,
protein  levels,  and  amino  acid balance)  and  non-dietary  factors  (animal  gender  and  body
weight,  health  status,  feed  processing,  thermal  environment,  and  physical  management).
As  producers  continue  to look  for ways  to  manage  high  feed  costs,  a significant  economic
opportunity  exists  to achieve  precise  feeding  based  on predictable  VFI. Optimization  of
dietary  and  non-dietary  factors  will  be system  dependent,  and  will rely  heavily  on  gathering
and interpreting  information  to make  informed  decisions,  which  will  ultimately  make  pork
production  more  efficient  and  competitive  in  the  global  protein  production  sector.
©  2016  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Voluntary feed intake (VFI) of pigs and associated daily energy intake play a crucial role in pork production due to its effect
on nutrient intake levels and thereby growth performance and body composition as well as thermal balance. In commercial
situations, where ad libitum feeding is practiced, dietary energy and nutrient concentration, but not daily feed intake, is
under producer control. A complete understanding of how dietary and non-dietary factors affect VFI of pigs is critical to
achieving precision in feeding without wasting feed or compromising growth rate. Feed intake of growing-finishing pigs is
influenced by a wide range of factors, including environmental conditions, health status, genotypes and diet composition
(Nyachoti et al., 2004). In addition, whenever feed intake is determined, it is important to recognize that a portion of feed
disappearance is feed wastage, and feed wastage can vary tremendously among swine units. This review discusses the control
of feed intake and the numerous dietary and non-dietary factors involved, with particular emphasis on energy intake.
Abbreviations: VFI, voluntary feed intake; AMPK, adenosine monophosphate activated protein kinase; mTOR, mammalian target of rapamycin; AgRP,
agouti-related peptide; Apo A-IV, apolipoprotein A-IV; ADG, average daily gain; ADFI, average daily feed intake; DE, digestible energy; ME,  metabolizable
energy; NE, net energy; BW,  body weight; LNAA, large neutral amino acids; BCAA, branched-chain amino acids; LCT, lower critical temperature; UCT, upper
critical  temperature; TNZ, thermal neutral zone; HS, heat stress.
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2. Factors influencing feed and energy intake
2.1. Physiological regulation of feed intake
Nutrients and their metabolites regulate short- and long-term feed intake through direct or indirect endocrine secretions
that interact with local and central neural processes. Carbohydrates, fats, proteins and the products of mammalian and
microbial digestion directly affect the release of hormones from the gastrointestinal tract and pancreas, and thus regulate
feed intake. This was thoroughly reviewed by Black et al. (2009). Hormones act collectively to control meal size with many
suppressing intake through the jejunal, ileal, and/or colonic controls; these act to reduce gastric emptying as well as propul-
sive contractions along the gastrointestinal tract. Many of these nutrient-stimulated hormones also act through the vagal
nervous system or directly on specific regions of the brain to have longer-term effects on feed intake.
The main metabolic control of long-term feed intake is by two opposing energy monitoring systems: (1) adenosine
monophosphate activated protein kinase (AMPK) and, (2) mammalian target of rapamycin (mTOR), which act both periph-
erally and centrally within the hypothalamus. The two signaling pathways are briefly described as follows according to Black
et al. (2009). A deficiency in energy available for metabolic processes over both the short and long-term is reflected in the
hypothalamus by a high AMP: ATP ratio; this stimulates the activation of AMPK. High AMPK activity results in a reduction
in the concentration of malonyl-CoA. This in turn stimulates the expression of the melanocortin orexigenic peptides and
agouti-related peptide (AgRP), and reduces the expression of the anorexigenic peptides, -melanocyte stimulating hormone
(-MSH) and amphetamine-related peptide (CART). Activation of mTOR is also inhibited by high AMPK activity. An increase
in the expression of orexigenic peptides and a decrease in the expression of the anorexigenic peptides is transmitted via
neurons to higher centers of the brain, which consequently results in a sensation of hunger, thus stimulating feed intake. In
contrast, when circulating glucose, lipids or amino acids are elevated, the mTOR pathway is activated and many hormones
and peptides, such as cholecystokinin, glucagon-like peptide-1, amylin, apolipoprotein A-IV (Apo A-IV), insulin and leptin
are released. These act in a complicated way to depress feed intake in the short or long term. Circumstances such as increased
passage of undigested nutrients or microbial fermented products in the distal intestine will result in a long-term depression
of feed intake due to the action of peptides released by the gastrointestinal tract. These mechanisms of the control of feed
intake and energy expenditure may  help to explain many of the dietary and non-dietary drivers known to influence feed
intake; these will be further discussed below.
2.2. Dietary energy concentration
Pigs are capable of adjusting voluntary feed intake in response to certain dietary characteristics. In most instances,
energy density is the first determinant of average daily feed intake (ADFI) (Henry, 1985). As dietary available energy content
is lowered, pigs will attempt to maintain constant daily energy intake by eating more feed, until feed intake is limited by
physical feed intake capacity or other environmental factors intercede (Beaulieu et al., 2009). According to Black et al. (1986),
the major limiting factor for growth at the beginning of the growing period is physical feed intake capacity regardless of
the dietary energy concentration. He asserts that regulation of energy intake is absence in pigs weighing less than 20 kg.
Oresanya et al. (2007) reported that young pigs (7.5–22.5 kg) fed a low digestible energy (DE) diet (14.22 MJ/kg) ate more feed
(857 vs. 825 g/day) but consumed less energy (12.19 vs. 12.42 MJ/day) compared with pigs fed a higher DE diet (15.06 MJ/kg).
This suggested that the pig’s ability to adjust feed intake is not capable of fully compensating for the reduction in dietary
DE concentration on lower energy diets. The reduced daily feed intake of pigs fed the high DE diets may  result from the
increased dietary fat content, which stimulates the release of apo A-IV, inhibits intestine motility and slows intestinal digesta
passage rate (Huge et al., 1995). On the other hand, the increase in absorption of long chain fatty acids such as would occur
on the high DE diet is known to increase fatty acyl-CoA in the hypothalamus, which activates the mTOR pathway, resulting
in changes in peptides and hormones and thus depresses feed intake (Black et al., 2009).
Hanson et al. (2015) observed higher ADFI (830 vs. 734 g/day) in diets containing 30% DDGS compared with corn-soybean
control diets (10.3 vs. 6.5% NDF; 3.9 vs. 2.2% crude fat) in weaned pigs. Although the calculated metabolizable energy (ME)
content in the corn-soybean control diet was slightly lower than that in the DDGS containing diet, the net energy (NE)
content in the control diet may  have been higher due to the overestimated available energy value of DDGS. It is well known
that fibrous feedstuffs can increase weight and volume of the whole gut, and thus improve gut fill and feed intake of young
pigs (Kyriazakis and Emmans, 1995). Therefore, although physical gut capacity limits the young pigs’ (<20 kg) response to
changes in dietary energy content, other factors such as dietary fat or fiber content may also play an important role.
When a highly digestible diet is progressively diluted with lower energy ingredients, such that the concentration of
energy is reduced, feed intake increases at such a rate that DE intake remains approximately constant and performance is
unaffected (Beaulieu et al., 2009). However, after a critical point in DE or fiber content, the intake of feed and of DE will
plateau or decline and performance is reduced as the dilution proceeds further. The “critical point” referred to above has
been presumed to reflect physical gut capacity. For growing pigs up to about 50 kg body weight (BW), the critical energy
density is about 14.02 MJ/kg (Black et al., 1986). Pigs will fail to compensate for the reduction in dietary DE density when it
is below this level. In order to understand how growing-finishing pigs respond to changes in dietary energy concentration,
Beaulieu et al. (2009) formulated 5 diets containing graded levels of ME  (calculated as 0.96 × DE) ranging from 12.41 to
14.34 MJ/kg by modulating the inclusion rate of canola oil, wheat and barley. As expected, ADFI linearly decreased as dietary
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Fig. 2. Average daily energy intake of pigs consuming diets with ME  ranging from 12.41 to 14.34 MJ/kg across 3 phases of growth (Beaulieu et al., 2009).
ME  density increased. The response to increasing ME  in younger pigs is less pronounced compared with that of older pigs
(Fig. 1). Therefore, energy intake remains fairly constant when dietary ME  concentration is above 13.43 MJ/kg in heavier pigs
(above 50 kg), but there is no energy intake plateau in younger pigs (30–50 kg) with increasing diet DE density (Fig. 2). This
result is in accordance with that reported by Black et al. (1986).
When comparing the response of pigs to dietary energy, changes always imply different inclusion rates of feed ingredients
that are either rich in fat or fiber. However, the DE or ME  systems underestimate the available energy concentration of fat,
and overestimate the available energy of fiber and protein. This error may  result in biased conclusions concerning the
relationship between energy density and feed intake. In a study by Oresanya et al. (2008), young pigs (9–25 kg) receiving
diets with different NE content did not show differences in feed intake or measured DE intake; however, NE intake increased
linearly with higher dietary NE concentration. In this case, the measured DE intake failed to reflect the intake of actual energy
that would be available to these pigs for maintenance and for gain due to the inaccuracies inherent in the DE system. This was
further supported by a stronger correlation between empty body composition and nutrient deposition rates with NE intake
as compared with DE intake. Quiniou and Noblet (2012) investigated the effect of dietary NE content on feed intake and
performance of pigs with initial and final BW of approximately 35 and 110 kg, respectively. The calculated NE concentrations
of the experimental diets were 8.1, 8.7, 9.3, 9.9, 10.6, and 11.1 MJ/kg, respectively. A linear decrease in ADFI was observed
when the dietary NE concentration increased. As shown in Fig. 3, heavier pigs (>50 kg) tended to maintain NE intake through
adjustment of feed intake when diet NE content was  above 9.3 MJ/kg, while for younger pigs (35–50 kg), feed intake could
not compensate for reductions in diet NE density below 10.5 MJ/kg. Interestingly, for pigs weighing 82–100 kg, the highest
NE intake was obtained from diets containing 11.1 MJ/kg NE. This was  not caused by other nutrient deficiencies, because the























Fig. 3. Effect of dietary NE levels on average daily energy intake during successive 2-week phases of growth (Beaulieu et al., 2009).
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mechanism forcing pigs to maintain a minimum daily volume of feed intake even though the level of ingested dietary energy
and nutrients are sufficient; however, this has not been demonstrated experimentally and needs further investigation.
In general, pigs fed diets with reduced energy concentration are prone to maintain constant daily energy intake by eating
more feed until feed intake is limited by other factors, such as physical gut capacity or certain dietary components. For
instance, a high fiber diet was recently found to suppress appetite through hormones released in gut (Tolhurst et al., 2012)
or directly affecting the hypothalamus, a region of the brain involved in appetite regulation, via the fermentation product
of acetate (Frost et al., 2014). In this case, lowing dietary energy density by increasing fiber content may  not result in feed
intake compensation as expected. Furthermore, attention should also be paid to the possible inaccuracy in the estimation of
available energy expressed as DE or ME.  A stronger relationship appears to exist between daily energy intake and diet net
energy concentration.
2.3. Amino acid balance
Apart from energy concentration, dietary protein level and amino acid profile also regulate voluntary feed intake of pigs.
Harper (1959) is a classic paper on this topic and should be a must-read paper for all budding nutritionists. It is widely
acknowledged that feed intake is depressed both by a severe deficiency in limiting amino acids or by an excessive supply of
total protein or some essential amino acids. The challenge then is to understand the relationship between feed intake and
amino acid level, perhaps by considering the protein (or amino acid):energy ratio.
High-protein diets are known to limit voluntary feed intake in growing pigs. In one study, this was  associated with benefits
related to carcass leanness. Le Bellego and Noblet (2002) formulated 4 experimental diets with different crude protein levels
but fixed the ileal digestible lysine to NE ratio. The results showed that piglets fed diets with the highest crude protein level
significantly decreased ADFI compared to pigs fed the other 3 lower crude protein diets. The impact of excess protein in
the diet may  be related to an imbalance among the less-limiting amino acids, and especially the large neutral amino acids
(LNAA: leucine, isoleucine, valine, phenylalanine, and tyrosine).
In the case of tryptophan, it has been clearly demonstrated that an optimum dietary tryptophan content enhances feed
intake in young piglets (Ettle and Roth, 2004; Naatjes et al., 2014; Nørgaard et al., 2015). One possible explanation for
tryptophan’s effect on appetite and feed intake regulation may  be its influence on appetite stimulating hormones, such as
serotonin and ghrelin (Zhang et al., 2007). As LNAA and tryptophan share the same transport route through the blood brain
barrier (i.e., competition between LNAA and tryptophan for uptake into the brain), the production of serotonin not only
depends on dietary tryptophan concentration, but also on the balance between LNAA and tryptophan. Furthermore, it has
been proven that there are significant interactions between dietary tryptophan levels and crude protein content on feed
intake and growth rate of pigs (Henry et al., 1992). Feed intake reduction caused by excess crude protein was  greatest when
tryptophan was suboptimal in the diet (Henry et al., 1992).
When a low-protein diet deficient in valine is offered to pigs, the first response of the animal is a decrease in feed intake,
resulting in a subsequent reduction in growth (Gloaguen et al., 2011). When a valine deficiency is accompanied by an excess
supply of leucine, the reduction in growth is more severe (Wiltafsky et al., 2010). Gloaguen et al. (2012) also demonstrated
that providing a diet deficient in valine but with excess leucine resulted in a rapid decrease in feed intake in nursery pigs.
There appears to be a mechanism that allows pigs to rapidly detect the dietary valine deficiency or branched-chain amino
acid (BCAA) imbalance. Morrison et al. (2007) reported that intracerebroventricular administration of either a mixture of
amino acids or leucine alone decreased the expression of AgRP via the mTOR signaling system, which is an orexigenic peptide
(Black, 2009). Moreover, since BCAAs share common enzymes in their first two  catabolic steps (branched-chain amino acids
aminotransferase and branched-chain a-keto acid dehydrogenase), the excess in one BCAA may  up-regulate the catabolic
pathways, increasing unexpected catabolism of the other BCAAs and finally resulting in BCAA imbalance (Gloaguen et al.,
2012). A large supply of leucine stimulates the activity of the enzyme complex and may  therefore amplify the effect of a
valine or isoleucine deficiency (Wiltafsky et al., 2010).
In conclusion, inappropriate dietary protein levels may  inhibit feed intake due to an amino acid imbalance. Excess LNAA
may compete with tryptophan for passage through the blood brain barrier and affect tryptophan-related appetite stimulating
hormones. In addition, excess dietary leucine may  cause a valine deficiency, suppressing feed intake. Furthermore, it is worth
noting that keeping a proper ratio of all essential amino acids to available energy is required to maintain feed intake and
growth rate in pigs.
2.4. Feed processing and form
Feed processing technology is an important strategy to stimulate feed intake of young pigs. Generally, the effects of feed
processing on nutrient digestibility have been described in detail, whereas impacts on feed intake have received less atten-
tion. Among different feedstuffs including cereals and oilseed meals, particle size was poorly correlated with feed preference
in pigs (Solà-Oriol et al., 2009). Although reducing particle size within cereal grain will improve nutrient digestibility and
hence feed efficiency (Kim et al., 2000; Hancock and Behnke, 2001), consistent effects of reducing particle size on feed intake
are less clear (Zijlstra et al., 2009). Reducing particle size from 1300 to 400 m linearly reduced feed intake of weaning piglets
fed wheat-based diets (Mavromichalis et al., 2000). Similarly, reducing particle size of cereal ingredients has been associated
with a reduction in feed intake of grower-finisher pigs (Mavromichalis et al., 2000; Laurinen et al., 2000). The reason for the
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Fig. 4. Typical daily ME  intake in barrows, gilts and entire males between 20 and 140 kg body weight (NRC, 2012).
reduced feed intake may  be pigs attempt to control digestible energy intake through altering feed intake (Nyachoti et al.,
2004). On the other hand, feed intake reduction maybe indirectly caused by gastrointestinal ulceration (Mavromichalis et al.,
2000) or some other aspect of gastric discomfort.
The effects of pelleted feed on the intake of weaning pigs are inconsistent. Steidinger et al. (2000) reported that pigs fed
pellets may  achieve a higher feed intake in the first week after weaning compared with those fed mash, whereas Medel et al.
(2004) showed a feed intake reduction with pellets. It has been demonstrated that young piglets did not have a preference
for pellet size differing between 3 and 5 mm (O’Connell and Lynch, 2006). However, according to some recent personal
communications, reducing pellet size from 9, 5, 2.4, or 2.0 to 1.8 mm  resulted in increased feed intake. These differences may
be due to pellet quality, such as durability and hardness. Pelleted feed reduces feed intake and improves feed efficiency in
growing-finishing pigs (Hancock and Behnke, 2001), which may  largely be attributed to reduced feed wastage and improved
nutrient digestibility. All research on the relationship between feed intake and pelleting needs to consider possible changes
in wastage as explaining differences, at least in part. For example, if pelleting reduces feed wastage, this could appear as
reduced feed intake. Consequently, feed wastage is an important variable in all studies evaluating the impact of processing
on feed intake.
It has been well documented that liquid feeding stimulates feed intake after weaning and thus increases growth rate (Kim
et al., 2001; Han et al., 2006; Missotten, 2010). These may  be attributed to one of two main advantages: (1) the simultaneous
provision of feed and water may  result in an alleviation of the transition from sow’s milk to solid feed and may  also reduce
the time spent to find both sources of nutrients, or, (2) offering liquid feed with a low pH may  strengthen the potential of
the stomach as a first line of defense against possible pathogenic infections (Missotten et al., 2010). As reviewed by Jensen
and Mikkelsen (1998) and Missotten et al. (2010), liquid feeding improves feed intake and growth performance, but the
feed:gain ratio may  not be improved for piglets. For growing-finishing pigs, a better feed:gain was observed with liquid
feeding compared to dry feed.
2.5. Gender and body weight
Gender and body weight are important factors that determine the VFI of pigs. As the pig grows, the need for dietary
nutrients increases and pigs consume more feed to meet daily nutrient requirements. Usually barrows grow 6–10% faster
than gilts, and therefore have greater feed intake and energy intake (Schinckel et al., 2012). However, gilts are expected to
have greater BW gain per unit NE intake above maintenance as gilts have a greater ratio of protein accretion relative to lipid
accretion (Schinckel et al., 2008, 2012). Energy intake curves (MEI, MJ/day, vs. BW,  kg) generally follow a Bridges Function
Model split by sex (Fig. 4, NRC, 2012). This implies that mathematical equations can be used to represent the general shape
of feed intake curves, while parameters included in these mathematical equations will differ among growing-finishing pig
units (Schinckel and De Lange, 1996; De Lange et al., 2001; Schinckel et al., 2012).
In particular, young growing pigs have limited physical capacity to ingest feed. Thus maximum daily feed intake can be
expressed as a function of BW as follows (Black, 2009):
Maximum daily feed intake = 111 × BW0.803 × (1 + 0.025 × (LCT − T))
This equation also indicates that VFI is increased when T (ambient temperature) is below the lower critical temperature
(LCT) of the pig. It should be noted that this approach to predicting VFI or ME  intake is highly empirical and fails to reflect the
full impact of environmental, dietary and animal factors that are known to influence VFI, as previously discussed. For this
reason, many growth models consider feed intake as an input into the model rather than an output. However, some models
predict feed intake but allow the user to override the predicted feed intake if actual values are available (NRC, 2012).
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Fig. 5. Feed intake is reduced in pigs injected intracerebroventricularly with recombinant porcine TNF-. Pigs were deprived of food for 12 h and then
given  ad libitum access to feed for 10-min test periods at various times relative to the time of injection. These results indicate that TNF- (and probably
other  inflammatory cytokines) can act directly in the brain to regulate appetite in pigs. Reprinted from Warren et al. (1997).
2.6. Health status and immune system stimulation
The health status of an animal is another important determinant of feed intake and overall performance. Activation of the
immune system represents a form of stress (i.e., immunological stress) and is associated with inflammation and anorexia
during a disease challenge. Murray and Murray (1979) reported that feed intake depression is an adaptive response to
infection.
Generally, the immune system responds to pathogens by synthesizing and releasing cytokines, such as Interleukin-1 (IL-
1), Interleukin-6 (IL-6), and Tumor Necrosis Factor- (TNF). These cytokines affect feed intake and nutrient utilization as
well as cellular and humoral components of the immune system (Stahly, 1996; Johnson, 1997). On the basis of the differences
in serological antibody titers, lymphocyte CD4+:CD8+ ratios, and serum alpha-1-acylglycoprotein concentrations, chronic
immune system activation resulted in reduced feed intake, lower body weight, and diminished body leanness, expressed as
the carcass protein:lipid ratio (Williams et al., 1997). In the study reported by Liu et al. (2010), weaned pigs orally challenged
with Escherichia coli K88 (serotype O139:K88, resistant to oxytetracycline) consumed 9.3% less feed in the first week post-
challenge compared with pigs that received a saline control (381 vs. 408 g). In addition to compromising feed intake and
growth performance, infection also induces higher plasma IL-1, IL-10 and IgA-positive cells in jejunal and ileal lamina
propria.
The reduction of feed intake in sick animals is mediated by inflammatory cytokines, which convey a message from the
immune system to the endocrine and central nervous systems (CNS) (Johnson, 1998). If macrophages are unable to produce
cytokines like IL-1, IL-6, and TNF- when exposed to an antigen [i.e., lipopolysaccharide (LPS)], the immune system cannot
communicate with other systems and animals do not become anorectic or lose weight (Johnson, 1997; Finck et al., 1998).
According to Warren et al. (1997), injection of recombinant porcine TNF- into the CNS of pigs induced a transient but marked
reduction in feed intake, an increase in somnolence, and secretion of cortisol. The potent anorectic properties of centrally
administered porcine TNF- are shown in Fig. 5. Since leptin plays an important role in food intake and energy expenditure
in healthy animals, it was originally hypothesized that leptin may  be involved in the anorexia associated with inflammation.
Subsequently, data from in vivo studies in rodents and humans suggested that leptin is involved in the anorexia and weight
loss associated with disease stress (Sarraf et al., 1997; Bornstein et al., 1998a,b).
2.7. Thermal environment
Heat exchange between pigs and their environment is an important factor influencing VFI. In general, animals grow
optimally within the temperature range often referred to as the thermoneutral zone (TNZ). The TNZ is defined as “the range
of ambient temperature at which temperature regulation is achieved only by control of sensible (dry) heat loss, i.e., without
regulatory changes in metabolic heat production or evaporative heat loss” (Kingma et al., 2012). Deviation below the LCT and
above the UCT can affect pig heat production and ME  intake. Therefore, VFI is increased at T < LCT (cold stress) and decreased
at T > LCT (heat stress) (NRC, 2012).
2.7.1. Hot temperatures
As ambient temperature increases, pigs undertake behavioral changes such as changing posture, thus reducing contact
with other pigs (Giles et al., 1998). The effect of ambient temperature above the TNZ on VFI and other performance variables
in pigs has been reviewed by Nyachoti et al. (2004). Based on this review, VFI is reduced by approximately 40 g for every
◦C above the TNZ, and this reduction is associated with changes in feeding behavior such as eating time and meal size. For
example, diurnal heat-stressed pigs consumed more feed in the morning (cool period) than during the evening (hot period)
(351.4 vs. 377.8 g) thus resulting in a significant time of day and temperature interaction on feed intake (Patience et al.,
2005; Fig. 6). However, after the initial period of heat stress, pigs seem capable of adjusting to hot temperatures, so that over
time, the anorexic effect of thermal stress is reduced (Patience et al., 2005; Fig. 6).
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Fig. 6. Feed intake pattern of growing pigs exposed to diurnal heat stress (20–35 ◦C in 24 h), n = 5 and SEM = 0.32. Pigs were given ad libitum access to feed
for  30 min and any uneaten feed after that was removed and weighed. Reprinted from Patience et al. (2005).
Fig. 7. Effects of ad libitum feed intake in thermal-neutral conditions (TN; 20 ◦C), ad libitum feed intake in constant heat stress (HS; 35 ◦C) conditions, and
pair  feeding in thermal-neutral conditions (PFTN) on the temporal changes in feed intake in growing pigs. Reprinted from Pearce et al. (2013).
The effects of heat stress on VFI are attenuated when pigs are fed synthetic amino acid-supplemented low protein diets
(Le Bellego et al., 2002); this is mainly due to the lower heat increment of such diets (Le Bellego et al., 2001). However,
attention should be paid to the lysine:ME ratio when adjusting nutrient density under heat stress conditions. Witte et al.
(2000) did not find any improvement in growth rate or carcass performance in finishing pigs reared at 32 ◦C and fed a diet
supplemented with synthetic lysine, threonine, and tryptophan compared with a control diet containing the same level
of crude protein and ME.  Myer and Bucklin (2002) demonstrated that growing-finishing pigs, raised during the summer
in North Florida, fed high nutrient density diets (14.9 MJ  ME  and 0.82 lysine/kg) consumed less feed but grew faster than
pigs fed the control diet (13.8 MJ  ME  and 0.71 lysine/kg). In addition, the impact of hot temperature is more pronounced in
heavier than in lighter pigs as reported by Quiniou et al. (2000) and Rinaldo et al. (2000).
Heat-induced growth and metabolic changes may  be different from those induced by restricted nutrient intake. In a
recent study conducted by Pearce et al. (2013), crossbred gilts were housed in climate-controlled rooms in individual pens
and exposed to (1) thermal-neutral (TN) conditions (20 ◦C; 35–50% humidity) with ad libitum intake, (2) HS conditions
(35 ◦C; 20–35% humidity) with ad libitum intake, or (3) pair-fed [PF to feed intake levels of the HS pigs but in TN conditions
(PFTN)]. HS pigs experienced an immediate reduction in feed intake compared to TN pigs and a similar feed intake to PFTN
shown in Fig. 7. By day 7, the PFTN pigs had lost 2.47 kg of BW and weighed 4.12 and 10.23 kg less than the HS and TN pigs,
respectively. Despite similar nutrient intake, HS pigs gained more BW and had distinctly higher circulating basal insulin
concentrations compared with PFTN controls. Further, there appeared to be differences between muscle and adipose tissue
responsiveness (resistant and sensitive, respectively) to heat-stress-induced insulin concentrations; heat-stressed pigs did
not mobilize adipose tissue triglycerides but increased skeletal muscle proteolysis.
2.7.2. Cold temperatures
The effects of cold stress on VFI and overall performance of pigs have been studied to a lesser extent compared with
those of heat stress. When ambient temperature falls below the LCT, heat loss to the environment will increase, such that
additional heat production must be achieved to compensate for this loss. At temperatures below LCT, the quantity of ME
required for thermogenesis is estimated according to the following function (NRC, 2012).
ME for thermogenesis (kcal/day) = 0.07425 × (LCT − T) × MEm.
where MEm is metabolizable energy for maintenance, LCT is the lower critical temperature and T is the ambient temperature.
In this situation, additional heat production will result in a high AMP:ATP ratio which will in turn stimulate AMPK activity.
The ensuing up-regulated expression of orexigenic peptides and downregulated expression of anorexigenic peptides of the
hypothalamic melanocortin system results in increased feed intake. The additional feed used to support this extra heat
production is readily calculated from the model, which estimates the efficiency of using energy from absorbed nutrients
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for all body functions and from the digestible energy content of the diet. According to Nyachoti et al. (2004), the extra feed
consumed for each ◦C below the LCT has been estimated at 25 and 39 g/day for growing and finishing pigs, respectively,
while ADG is reduced by 10–22 g/day. However, the extent to which these parameters are affected may  depend on other
factors such as group size and genotype.
Pigs exposed to cold stress will not always increase feed intake to maintain the rate of energy deposition that would occur
in the body under thermal neutral conditions. Close (1989) reported that feed intake in pigs weighing 90 kg continued to
increase as ambient temperature fell below LCT, but intake increased little for pigs weighing 18 kg. This implies that if pigs
are housed in cold temperatures, the physical feed intake capacity and composition of their feed become more important
factors affecting feed intake. In such a situation, younger pigs may be limited in their ability to increase feed intake to meet
their nutrient intake requirements because of their limited gut size (Quiniou et al., 2000). In addition, pigs may  benefit from
high quality feed based on ingredients with minimal gut fill effects.
2.8. Physical environment
2.8.1. Feeder space
Feeder space is defined as the amount of available space in a feed trough per pig. Sometimes it is defined as the number of
pigs per feeder space. While this may  be correct intuitively, it ignores the fact that the size of the pig is critical. For example,
irrespective of feeder “spaces,” shoulder width of the pigs will be a far more critical factor in defining feeder capacity.
Feeder space allowance is often determined by taking the feeder trough length divided by the number of pigs in the pen.
Providing animals with access to adequate, but not excessive, feeder space is an essential constituent of successful barn
management. However, research results have been inconsistent when trying to define the optimal feeder space required to
maintain performance.
Adjustment of the feeder trough opening (feeder gap) may  influence both feed consumption and wastage. Increasing
feeder gap from 9.2 to 31.5 mm increased ADFI and ADG of weaning piglets (6.4 kg BW)  during days 21–42, but not day 1–20.
These differences may  be due more to the limited abilities to access the feed than the nutritional need of piglets (Smith et al.,
2004). A more tightly adjusted feeder will also reduce eating speed, and consequently reduce feeder capacity (Smith et al.,
2004). This is a factor that is often overlooked in barn management.
Increasing feeder gap from 1.3 to 3.2 cm was associated with greater ADG and ADFI in growing-finishing pigs (Bergstrom
et al., 2012). Similarly, Myers et al. (2012) demonstrated improvement in ADG and ADFI with feeder gap increases for finishing
pigs, but a decrease in G:F ratio as a result of increased feed wastage. Therefore, younger pigs may  need a larger feeder gap
to ensure all pigs obtain adequate feed for optimum performance. As pigs move from placement (25 kg) to market weight,
feeders should be adjusted accordingly to minimize wastage and improve feed efficiency.
Generally, increasing the number of pigs per feeder space above the optimum will reduce feed intake and reduce average
daily gain. Reducing feeder space from 42.5 to 32.5 mm per pig (40–65 kg BW)  reduced ADFI from 1.56 to 1.44 kg, but no
interaction between feeder space and group size was detected (Turner et al., 2002). In the same study, pigs were observed
to spend more time feeding per day when offered less feeder space. Combined with previous research, pigs appear to be
capable of altering feeding behavior to maintain performance when feeder space is limited, at least to some extent (Hyun
and Ellis, 2002; O’Connell et al., 2004). Therefore, there may  be no need to differentiate feeder space fitting for different
group sizes. However, Hyun and Ellis (2001) showed that growing pigs (26–48 kg BW)  had limited capacity to maintain feed
intake and growth performance through changing feeding behavior. Likewise, Wolter et al. (2002a) reported that decreasing
feeder space from 4 to 2 cm per pig reduced growth rates of piglets from 6 to 8 week post-weaning.
Feed intake was not different among feeder space treatments in the study of Wolter et al. (2002a). Recently, Weber
et al. (2013) evaluated the impact of 3 feeder space levels on growth performance of nursery (2.1, 2.5, or 2.9 cm/pig) and
growing-finishing pigs (4.1, 4.9, or 5.7 cm/pig) in a commercial wean-finish system. The results showed that feeder space
did not affect ADFI for pigs overall from weaning to market. However, there was a linear decline in ADG and feed efficiency
as feeder space declined during the last phase of growth (96.1–122.6 kg).
2.8.2. Floor space
Floor space is another important factor influencing feed intake and performance of pigs. The most common means to
express space allowance is as space per animal, but this has the limitation that space requirements increase with body
weight. An allometric expression (A = k × BW0.667, where A is floor allowance expressed in m2 and k is a space allowance
coefficient) is an alternative means that can be applied over a wide range of body weights (Hurnik and Lewis, 1991; Gonyou
et al., 2006). After reviewing more than 10 published studies on the effect of space allowance on ADG, Gonyou et al. (2006)
determined that the critical k value, below which ADG began to decline, varied from 0.0317 to 0.0348. The difference in the
k values and associated space allowance were influenced by many factors, such as group size, type of floor, environmental
temperature, and health status.
Numerous studies evaluated the effects of space restrictions using similar nutrient densities across all treatments, and
many results showed that space restrictions were associated with a decline in ADFI and growth rate (Moser et al., 1985;
Brumm and Gonyou, 2001; Smith et al., 2004; White et al., 2008).
Brumm and Miller (1996) and Ferguson et al. (2001) demonstrated that ADFI was decreased as a result of floor space
restrictions. Wolter et al. (2002b) reported that decreasing space allowance (0.650 m2/pig vs. 0.325 m2/pig) reduced ADG,
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ADFI, and growth rate for the 10 week period after weaning, which may  be due to increased group size per se. However,
from week 11 after weaning to harvest weight, pigs on all treatments were allowed the same feeder-trough and floor space,
and pigs under restricted space showed increased feed efficiency compared with those allowed unrestricted space during
the first 10 week. In another study, Wolter et al. (2003) found similar results that pigs with restricted space had lower ADFI
compared to those with unrestricted space for the first 8 week after weaning. Then, when all pigs had the same feeder-
trough and floor space during week 8–week 23 post-weaning (the end of the study), pigs with restricted space showed
increased ADFI (2%) and feed efficiency (3%) compared with those allowed unrestricted space. These results indicated that
space restricted pigs, exhibiting lower early growth rate, had improved feed efficiency when provided adequate space in
the subsequent growing-finishing period. Recent studies by White et al. (2008) and Zhang et al. (2013) further validated the
reduction effects on ADFI and ADG as a result of increased stocking density.
Reducing space allowance may  also induce chronic stress and depress feed intake and thereby performance. As space
allowance decreases, pigs are likely to increase their social interaction, such as aggressive behaviors and competing for
access to feeders (Smith et al., 2004). In addition, crowding and agonistic interactions may  also exacerbate the effects of
heat stress. These observations are strongly supported by Hyun et al. (1998), who  examined effects of multiple concurrent
environmental stressors (heat stress, high stocking density, and regrouping) on performance of growing pigs. Their results
showed that multiple concurrent stressors affect growth performance of pigs in an additive fashion, indicating the poor
performance caused by one stress factor can become even worse when adding other stressors. The negative effects caused
by reduced space allowance could not be overcome by increasing dietary energy, lysine and vitamin levels (Ferguson et al.,
2001; Zhang et al., 2013).
2.8.3. Group size
Group size is also very important during the period of rapid growth. The conventional group size in fattening pigs is
25–30 animals, but large groups are sometimes employed due to possible economic advantages (Turner and Edwards,
2004). However, the impact of large group size on feed intake and growth were inconsistent in past studies.
Some studies showed that large group size was  responsible for a reduction in feed intake and growth rate. Turner et al.
(2003) evaluated the implications of group size (range 3–120 pigs) on growth performance using regression analyses based
on data from 20 earlier studies and almost 22,000 animals. The authors found that increasing group size was  associated with
a significant negative linear relationship with ADG and ADFI during the weanling (weaning to 30 kg) stage. Grower stage
pigs (31–68 kg) reduced ADG but not ADFI with increasing group size; thus feed efficiency was compromised. No difference
in performance among different group sizes for finisher pigs (≥69 kg) was  detected. Group size did not have consistent or
significant effects on other traits measured. Therefore, large group size may  compromise the performance of young pigs, but
the long-term consequences for other economically important traits is likely to be small (Turner et al., 2003). Wolter et al.
(2000) compared two group sizes (20 or 100 pigs/pen) and demonstrated that piglets in large groups had depressed ADFI
from week 1 to 4.
However, other studies have failed to find any significant effects of large group size. For example, Nielsen et al. (1995)
reported that there were no differences among 4 group sizes (5, 10, 15, or 20 pigs/pen) in ADFI, ADG and feed efficiency of
growing pigs (34 kg BW)  with a single-space feeder and 1.06 m2/pig. This may  be due to the longer feeding time (6.91 vs.
4.64 min/visit) and faster feeding rate (31.6 vs. 25.9 g/min) for pigs kept in groups of 20 than pigs kept in the smaller groups,
which compensated for the reduced feeding frequency (7.1 vs. 14.3 visits/day) in the larger group. Moreover, Schmolke
et al. (2003) investigated the effects of group size (10, 20, 40, and 80 pigs/pen) on performance of pigs from 23.2 to 95.5 kg
BW;  floor allowance was 0.76 m2/pig in all treatment groups. No consistent effect of group size on ADG, ADFI, or feed
efficiency was observed. They concluded that housing growing-finishing pigs in groups of up to 80 pigs was not detrimental
to performance if space allowance is adequate. These results were in agreement with Wolter et al. (2001) and O’Connell
et al. (2004), but different from Kornegay and Notter (1984), who predicted an 11–21% decrease in growth rate of pigs in
groups of 80 compared to groups of 10 pigs. The difference may  be due to the smaller group sizes (<40 pigs/pen) employed
to develop the prediction equation by Kornegay and Notter (1984).
In conclusion, physical environment plays an important role in the regulation of feed intake and growth rate of pigs.
It should be noted that the above factors correlate with each other in some aspects. For example, increasing group size
within the same pen is accompanied with reductions in both feeder and floor space; but whether this could cause negative
effects on feed intake and growth performance depends not only on the increase in group size, but also on the extent of the
reduction in feeder and floor space. If the reduction does not result in space restrictions, it might not lead to depression of
feed intake and growth of pigs (Schmolke et al., 2003). Moreover, growing-finishing pigs under space restrictions are more
likely to change their feeding behavior, such as increasing feeding time and feeding rate, in an effort to maintain feed intake
and performance (Nielsen et al., 1995; O’Connell et al., 2004). Therefore, a good balance among all these factors is crucial in
maximizing the efficiency of feed, feeder, and floor space without compromising the growth rate of pigs.
3. Conclusion
Many challenges in modern pig production systems are closely related to feed intake, such as initiation of feeding at
weaning or precise feeding of growing-finishing pigs without excessive supply. Sufficient but not excessive feed intake of
pigs is usually associated with better growth performance and feed efficiency, as well as optimal cost. In order to stimulate
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feed intake, it is critical to understand how different factors (diets, environment, and animals) influence feed and energy
intake of pigs. VFI is evidently regulated by more than one factor at any time in commercial conditions. Therefore, key
factors involved in regulating feed and energy intake of pigs should be evaluated concurrently to understand their impact
in commercial systems.
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